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ABSTRACT Ternary selective catalytic reduction (SCR) catalysts composed of transition metal oxide 
MO, (M=Cr, Mn, V, Fe, Cu, Co), zirconia and ceria were prepared. The catalysts were characterized in 
terms of surface area, pore structure, crystal structure, element valence state, type of acidic sites and re- 
dox ability and catalytical properties by means of low-temperature N; adsorption (BET), X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS), NH, temperature programmed desorption (NH:- TPD) 
and H;-temperature programmed reduction (H2-TPR) methods. The results show that the ternary catalyst 
of Mn- Zr- Ce oxides exhibited good low-temperature (<200°C ) activity, but poor high-temperature (> 
250°C) activity. The ternary catalyst of Cr-Zr-Ce oxides showed good and stable activity in the whole tem- 
perature range 100-300 C . The ternary catalyst of V-Zr-Ce oxides was very poor in catalyzing the SCR 
reaction at low temperature («200'C ), but exhibited better performance at high temperature (around 
300°C ). The sulphur-tolerance of the as-made samples were also investigated. All the phenomena ob- 
served were explained on the basis of the characterization results of the as-made samples. 


KEY WORDS inorganic non-metallic materials, ceria, zirconia, transition metal, NO,, SCR 
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f(| H FKK yh B FUR. (HA, H BÚ 
TAE IP AK YE 8 SESS Jl SER NO, EJE: 
AY) EE £ETIK-T 250 C, EE Z8 (KT 180°C, I B 
fi FA gL-8- 5k = 7G SCR fi (ki). ACFE ACE TIG v 
E (150-300 C) R8 EIT TE I SCR EEH, A 8 
FASE PR S Y I CEP ESSE HI RT 5: o 
Aii BE fI. SCR fi 470] Ae E EIS Ki SCR HEL, 
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und 
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FR 30 


zb ps, 358] V-Zr-Ce f£ 470] FÉ T , 
1.3 Enn Ze fiE 

FH Smartlab(9) 8 X Ht RATIT 4) Pr DCCXRD) 2H HT 
FÉ dh BJ X ZR AT PS GU X AE fF: Cu Ka Ni 9898, £ 
Fi JE 40 kV, HAY 30 mA, A=0.15418 nm, 20% [E] 5°- 
90°; -K 0.029); H SSA-7300 FL4 ETE A) HT SI FE 
d EXE RUP ORE mE 150°C FHL IRA FA FH 3 h); 


WAZ, FETA Mn. V., Fe. Cu. Cr & JE £ Jg 26 Z= ñil 
CEA Ka SCR ft 455] AT HE Jú OM DA FEO 
FAE REDE RE s Je J A — ú ee te 380], He EAT 
REF BJ E 4k TE BETTE BTCA. ANCE 
HH Cr. Mn, V. Cu. Co Fi Fe fil & M-Zr-Ce = Jú SCR 
fi 4.58 (Ma WE S Je), E T AI ROSE EE 2 J RTE 
i SCR HE 16 HE BE AY s ll, P 38 it NH- TPD #l H- 
TPR 55 4) Ër FB FE X< 3 Th zú 38 SET SCR (E (k, 8 
FRAGA. 


1 ae 

1.1 ESR SAA 

SAUTEED PRAGA, BLE 0.4 mm 72; AKA 
if (CH,;CH,OH), fi £6 (Ce(NO;);- 6H.O). HARES (Cr 
(NO). 9H;O). f Bë £5 (Zr(NOs) - 5H:O). fH Bë Ek (Fe 
(NO3); - 9H,O. fW 4 ER Ex (NH, VOS). — k & Fr ER Wë 
(C«H,O; - H,O). fi Bë #& (Mn(NOs), 50% 1E W Ji z: AP 
280). RR 4] (Cu(NO;), - 3H.O) #l I Hë £t (Co(NO;)s - 
6H.0)25 73 4) ft ti; NO bif (1000 uL/LNO +F ff 
FTO NH. ERME 02000 uL/LNH;-E ff UO. SO, bi 
AE (1000 uL/LSOzC^F ffi AU) FA B ZA, SES rh 
I FAK AE SK 
1.2 abl 

Sk Yor FEE dn PCIE 2 J SFG Zr Fl Ce WW 
E^ && Eb BN 6: 1:3, FE m tit da 7J M-Zr-Ce (M=Cr, 
Mn, V, Cu, Co, Fe), &- FÉ m HY AREN 2 mmol Ç Jš 
A T/g FATE) BRE. EH] Cr. Mn. Fe. Cu Fil 
Co fill & FÉ nn EST, AGE tet BJ a 2 Je PB (sk qa 
WO. T BRA FA A A T k CE, BEREIT SU 
TENERE RAR P. PR H BIRRE IRA 28 tE 
FRZ T, 358 4] AE $8 32: — (4k RE h PR E 
100°C HER FUE S5 h, EUR TES Jb Juri AUC 
Ky Fuh PER: # Wa 2 450°C Q'C/min), 450°C 
PRES h, A FÉ V-Zr-Ce IN, JOKE E nib RE Ri 
Ti BFE Fl — k RBA TK HP, FRA AGE Ec f 
Rik, IKE y ER RA a LB t BJ) B'J ze: EL 73 
3:1, FRA — SUL RE^ NER SUUS, E EN E ARE 
FUA ZR, YA Ja TE 100°C HEF PEE 5 h, FRR 


] ChemiSorb2720 78 FE FF Ft i M 5 UR BEAN AJ EE i 
BEIT H, AY FEY JT IL XS E (TPR) 42) lr, F ñ: IJ JR ze 2 
20 mg, X6 JR ^L fk 73 5% H, Jl ` fg t ^6, TT d XE K 
10°C/min. FA Autochem II 2920 7t! f& Er Ft EAM 2 Abt 
BA AS aE AT NH; FA ee E l PR (TPD) 4) Br, E m i ze 
73 50 mg, TUR DRESSER IC FH 10% NH; FF fj t C, J 
USER X 10'C/min; HJ ESCALAB 250Xi 4! X 
Spf £86 HL EE SC EF GE TI Jú == ET A a 
5f Jr NI 4 Br, X NAVA AK, 25 B6 IR 
Cls 284.6 eV RIE, Hia feH I 7y 0.050 eV. 

Tix f HE (570) ELT UR Z LEE 25 JR BJ 41 58 £ 
ARE AKRA T Bs d Ph v, de TRE 
i EE B38 A NO NH: Al 6 X28 CI TR ^ ETT 
SCR EKIS, A ^ [NO,]=[NH3]=300 uL/L, Off 
FAA} C 11.596, TE Z IE 10000/h 34 FIR RA FE m IET 
WER. FA CLD60 78 EEA H Br S DU BAY 
Ji ^U P BS NO, RE, 2 Y 8 Gs AS Jx J ONT 
NO, 4) (X WJ Fa, EREA NO.) HT 4C BU 2 INE Je < 
Wit — 4 RUE e FLED RAE AH DA BR 
BA, HS FLA AEE DRAMA 10% BERR. TE 
Wr FEE HO CR 5 da Ee eA, CE UEP Pe Ph 
Je EUR BA NORE. ONT EF n BR it 
REJI, 1E 200°C F3ETT SCR R, YE NO Fe SR (SCUS 
AK RT) XE Ja A. SO IAA AA, ERSTE £ 
rH O;3K FE 9.296, [SO.]=200 wL/L, 2538 12000/h. £i 
JN WJ NO, $6 4558 HL EAE & IFFUJI SO, (Z, £ K 
REMERA Br EE Tf i JEDER XE IST FL. SO; 
IUE TRE AE NO, Fe (68 HIE A, EY W 
SOAN, Sf: SACR. ETT RE, AENEA SURE 
rH SCR XN BS NO. HEEL 


2 BRATTICE 


2.1 BET 34h 

dB T E A UE A A m B BET 
Ay Nr £s S, uj AL AERA H kuk TH 375 m°/g, 
FTLN 0.81 mL/g, Ait BA Ji WY $$ E n BY EG T £ 
IEE 360 m"/g AA, PF m BJ 4L TE 0.77 mL/g 7c 
Ti. EIX Mn. Cr, Fe. V, Co F Cu [f] RFF LER 
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Table 1 BET surface area, average pore size and pore volume of the as-made samples doped with 


various metal ions 


BET surface area 


Average pore size 


Pore volume ” 


ird /m°.g' /nm /mL-g! 
SiO, support 375.009 4.34 0.8146 
Cr-Zr-Ce 370.948 4.24 0.8077 
Mn-Zr-Ce 361.879 4.22 0.7788 
V-Zr-Ce 369.467 3.98 0.7345 
Fe-Zr-Ce 369.246 4.02 0.7810 
Co-Zr-Ce 361.771 4.20 0.7969 
Cu-Zr-Ce 368.375 4.16 0.7035 


it, Ji T RMAF JN SH 4 X, e FE S TE P f LR 
TR IJ B f F c Ee TRE A BANT. MR 1 uj 
Ji, BEE HE ME ZH oY BY f EREE n IJ É J FL £67 PH Be 
IK. IRH, ZERRAREN EZRET 
4 FL SUE NERBS LXI VI BE, JA Se 32 U Z B5 38 
> AAP SFL AE AY FACIS 
2.2 XRD 4f 

R12 T #Ë: 0 BJ XRD Z Er B£ |, HA 
nf UL, Fe in JJ fE 22° [fJ ir UH BL Y BJ Sie E Z6 E J ME 
£, JE Ju XE JÉ — AER ITI XRD GIR. H 
HP Cu-Zr-Ce FI Co-Zr-Ce 1E 47 Fl] tH BL CuO #ll CoO, 
£5 7 AY UAE J [e] FF, S HA SLB E BY) CeO IJJ iy h 16, 
ZrO, Ul] FY RE AAA F CeO, JÉ pk D] 18 IK Iñ 22 A R 
THAR Ge a AT E. PE iy Fe-Zr-Ce. Mn-Zr-Ce ll Cr- 
Zr-Ce Hy A AEF HY Y CeO. HY ATAU, Ec rH HS phu 
4 Je EU YT EA A HL. xo Xe BH, ZEST 
WJ 4: Je JC EG A TF Fe. Mn F Cr A 144 A 
E F CeO, fI ZrO, T4] AGH EE A B ñu 1 rH JË J pk D] 
YEP”! Tfj Cu Al Co Bj S £6 2 Wu] AS BE 2 SE % 21 F 
CeO, #il ZrO. $A EXE] Fe TH i Ft rh, ALL, Œ XRD 
TEAL iih Y A VHS. PE V- 
Zr-Ce Jl] EG BEE, BeAr BH 3 HI RT V Jes BIAT tp] UR fF 
TE, LE] V BJ SLT FC T CeO IBS, BERE m rH 
H E E SUUS E GZ TT i RR E XRD 21 9r EME DL 
TRE « 
2.3 SCR EUR 

252518 Y f FE dE 100~300°C FAY SCR HEAL 
AW. Hu An, É Y V-Zr-Ce Hb FA FE ñ 33 fE 
100-300'C x Jd HH f#| U W AY Bz V ARCEM ZR: FE BEE 
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Note: "Cumulative pore volume of pores between 1.5-150 nm 
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Fig.1 XRD spectra of sample 
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Fig.2 Catalytic results of various sample in temperature 


range of 100-300°C 


ik FEE A («200 C ), FF t BJ HE 
ET i f de a, I fE 200-300 C & 
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(H Ed BEST 200°C Ji Cfi (kus E A AK o nj IL 
FC IK i f L5 PE GE REG, Tf] enda fte o E Be 58 26; PE m 
Fe-Zr-Ce fE (R X (<200°C ) si E V4 f# 4535 VE BI, Œ 
200-300'C RILE T E BJ HE La HE, (B ZE 300°C f 
WERE ASA Pr BBE. Ken V-Zr-Ce fE 3 1 BE Y 
PY Se HH TA Wr Bn BE ETSI Ee HE, RT JU 
V fI Zr/Ce SUL TE RELI E a E ra ha, PEE 
45 SCR R. A AE V SUL VITE nd. Fe xe cs 
T RN BER TREE 2e. PE in Cu-Zr-Ce fll Co-Zr- 
Ce ££ 100-300'C HEM BB 7J 35] LI, DESI ACA i 
SCR EMH; FA K E: FÉ SG Cr-Zr-Ce fE 100-250 C 25] 
fe I HE SUR, Ee ox A H REMIR T 300°C 
HI SCR c NZ, oxi FA if E vei Eel t ECCE o 
2.4 H,-TPR 25 

WY od Wr K E e FE SS BJ 4 AE 7J, SE EE m ETT 
T H.TPR wid, Z53R n3 rZ. Bd 3 npn, Fé 
Cu- Zr- Ce fE 150- 220'C Hi JL Y W 3E B Xe J E. 
Morettia" "XJ Cu/Ce & 6 AUK £E 200°C HHE AY TPR 
WIE AT T AP Nt: ARF 200°C B5 45 Jii Ië V Js A Pa BE OP 
FLA) CuO BJ É Jii; 220°C 35 JE UAE V Je AE CeO, ñ 1 
PE RB ZRORIBU A 28 AN CuO AIG JER; 240°C [fiji 
£14] 34s Jes UE T Jet 7 EUR] CuO UREA. JA 3 S 
HY All, FÉ à Cu-Zr-Ce rH ÉJ CuO FY fe UA res RE 43 BICIS 
CuO SURE RUE CeO, di fi rh BARE ARRIUS ARI 
Cuo 3X PPS. Fë Co-Zr-Ce fÉ 300 C Bil Ji Hl 
HUU Y PAP TPR Ke Sek wee, Hc AER 300°C B5 345 Ji Ute 


K Z R 30 4 


fe Lj CeO. JR E FH BS Fe:O. I FeO H5 oil, FÉ V- 
Zr-Ce fE 550°C BH AE HA BLT — ^ w E BJ S JE, RT 86 
J ELE ih e TRE LP PD Gs JU. AS JURE E Bi 
É, uj fi& Ej V20, fll ZrO/CeO. [5] TA 44 FH VE A 
X. FÉ Mn-Zr-Ce fE 200-400 °C HI T FAREJE 
WS, EE REL E I AR 14] EG I) Mn/Ce — 76 845 
TES] TPR 245 JE UE TB Ber, n] AE AE Mn-O-Ce [IVA HP 
Mn" ff] xe fI Mn* 5E Ce* Iz) E FH S ic FY Jes p AE 
AIG JEU. PR ih Cr-Zr-Ce 1E 260-350°C H I f. 8j] 1 
FYI Jil, Ej ScHA[15 Hp B i LR 2S UL, RT REUS A 
YF CeO. J Cr Al Cr BS. EBURA FE nt WJ 
TPR, KEL 86 JJ Ej SCR HE BUR JE 2 A EL IJ X: 
f&. Pein Cu-Zr-Ce AA BR A LAE, (HEC SCR XX 
TR 25: PFE ih Mn-Zr-Ce If] TPR H ZË pá >É, fH 1R i 
FRIE SBOE SCR HEM CR; FF i Fe-Zr-Ce Fil 
V-Zr-Ce CE S a BEB APE I Jw, 3x — E FERE E 
fe AE T X PA IE ra i E 2 wa da BE J Be RF AE TB 
SCR EMI. ER AR Cr-Zr-Ce If) AAM 86 7] — Rc, 
{A ENE 100-300°C Z EERIE Y JEDE BEE AY SCR 
HEBER. ET UL, FR a SCR fte o BR A (A E 
4&4. B6 JJ 4H 2S, t 1B BT Bie E Rc i AY EA Z 
2.5 NH.-TPD 15 

23 Y 4 rae BJ Se T Rr, PEE ETT Y NH- 
TPD Wik, OTA RoR 4 Rr. HEAR A, BFL 
— SU TEE BORE 110 C ACE B] SE ES sU AE. SE 


HY DAVE JE 73 All CeO. K #E 4H ALE FH CoO KIER, fl 
ma F 300°C UI Jes wee Wu] RT EUH JE 73 CoO 3865 Jes 7 Co 
HN ei SWE, FF 500°C tH SLAY fd 98 345 Jes Ió T eon] IN 
CeO. IB] SEL PR AIG Joi". FÉ Uh Fe-Zr-Ce TE 400°C 
Ba tH BUY ASAE AS Bor TPR 6 Je, Ei BURUE 
ARI SCIEN EG ES] Fe/Ce 2 AAU dE E Bei, FY BE 


TCD signal 


100 200 300 400 500 600 
Temperature /?C 


3 enn BJ H. Jy Jae Jes HH X 
Fig.3 HTPR profiles of various samples 


ES A, pa Ez Tl RO — UL REIN ER UPS RUE XE IE GE 
TASS Rv, RES ^E — XE IL SUR. En Cu-Zr- 
Ce BR T 110°C Zi — UL ERR K BJ j BA UES, ui HE 
TÆ 180°C Fil 290°C [Ji EEL T A AUS, B Er SEB 
— SUR Fit 16 Je pp 3231-55 Z ASF LIH 
FEAR, n] IRE S P Cu, Zr All Ce = 76 Ah WS BE 


SiO, support 
V-Zr-Ce 


1 1 
100 200 300 400 500 600 
Temperature /°C 
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4 F m BJ NHS-FEREJ His e E HH 2X 
Fig.4 NH;-TPD profiles of various samples 


- 


202303.10716v1 


chinaXiv 


CUN 
NL 


Td 55 BR LR C IERM Co-Zr-Ce. Fe-Zr-Ce fll Mn- 
Zr-Ce =“ FË th BS NH.-TPD KIER 4E 2$ 2540, ZE 110°C 
BELE B5 SEU EE ER A Jo PIE 14 3k Jes 29 RE b eir PH5 
Ws] fg HH 3 Y EE, É EH 400°C Z A (Fe-Zr-Ce 
fll Co-Zr-Ce) Fil 350°C Az Æ (Mn-Zr-Ce), TE rh Mn-Zr- 
Ce FE am dE 300°C 2A AF Be BEN B, FEE HU rH 
We ic BUH o V-Zr-Ce FË im B) NH.-TPD RJR H E 
120°C AG HUY 7S B3 6 FER DE UE, um EE A 
Juj, XP fé V.Zr.Ce f] = ú E G SUL TIE 150- 
300°C BR f P^ ^E B Jos B8 ei 6 09-5; — SUL TEE ERAS B8 J 
MHE = ë ES s HR, JE UR BH 32 Ea F Mnn-Zr-Ce, Fe- 
Zr-Ce. Co-Zr-Ce Fill Cu-Zr-Ce BFE tn FE dH Cr-Zr-Ce 
HJ NHs-TPD Al Le cae al): YE 120°C Fl 270°C PY aE ili 
3 Y PAN BLUR E, Ge PES (Rey. RHA, BARE SS TE SS 
HE(«230 CIL rp 9889030 C -370 CEH AWA E 
Rue. cur 8636 F fs ULT [Im PE EE BJ o HE, 
tH HY BERI Zv/Ce — Jú L 54 Ej gë SU BJ H HE H 
BK. Str ES UR, EM A SE CR BERUREDST 
IRIX SCR HEM CR HUS — E RIS. FÉ Cr-Zr- 
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2 HH XJ 6 SE: ROVE Se IB Zr Ce ú SCR fi FINI tbt] 4 AE AE 127 


782.7 eV? HUE. FÉ th Cu-Zr-Ce If] XPS 4) Hr £s R 
KHH, Cu SEXE EJ Cuo WERTE, Ju tb fr s EN Cu A 
MVE x IRE TUR FLAK AS n] JU, AY ete H F Zr/Ce 
ZRAK T BY iñ AA DE SC 86 JJ Bi hi| T fI Cu 
AUK (CuO)If]P-^E. FHS d nj SI, Een Fe-Zr-Ce 
H £X 76 R E BV FeO, #ll z & FeO, BJ JÉ zÑ EE EU, 
Tfj Mn-Zr-Ce fÉ fF Mn TANEH p| MnO, 4b fh) 
MnO IDE UE, FE dh V-Zr-Ceff] V 753 XPS A 
RISER, PIIL V 763R SEE UA VO ARI VO PEASE 
fr, K op. 4 A AED HIE 518.3 eV $80 517.2 eV?" gf 
Jr. UA EAS RR, Zv/Ce AL WBA AE AJ pú 
3R 3E E DLE RS S I SUL E Nr E, Mm 
Cr(VI) FY AE EE t Cr-Zr-Ce FEL 3⁄2 Z nisse fr A 
ES ERES] s 
JI Y RWE ia Ce 76S AF (EJ SCRI S, XJ 
ft FE UAI] Ce3d XPS W ABET T WAREKE, ZH Rh 
6 PTR. SEH IV1.IV2.1V3.1V4.1V5 fü IV6 FY DJ 
HJE F Ce(TV) Ft, WU 11 RU 112 JIJ Ay LAVA JS J Ce 
(ID Ft. BH É 6 AY PL, FE nn rH Ce(IID BJ E AP 


CoA gg Ru PRM, ARE SRS, A 
itt f£ 100-300'C 34) # Eb ERES FE AY SCR fe (k, BR , 
RIEM A DL p NH; od f BJ Jy REHE SCR CLIE 
HET, HAA HAF ALAA ER NEA E pk. 
2 JPN BR y 5X, OP Fall A F SER PE Er AA 35 B 
TE fr. AL, xx t Se Sk 6E — 2 SCR JX YAY AI [8] LE 
IR T. 
2.6 XPS 1f 

HT DT BS IEE S Pie VE ZB 2 P ASAE AT 
oh, HT FE da BEIT Y XPS HT, EB IE 
JB AK AS UE m F Ceo IHE TEE SK, ZR 
OAS 6 Bz. AS Za f GTIGSHEESEISTURRH 2p 25 
few. HE Sa ay Al, Ém Cr-Zr-Ce MAU 
BEV) Cr(TID fI Cr(VT) PP FETE, HF 586.4 eV Fil 
577.2 eV VR Best BENE RT VAY JST Crd) H3) 2p. #ll 
2p, Zi Cr Bie ^. M 588.7 eV Fl 579.7 eV MIWA 
AG I n] JH JE F C(VD BI 2p Fl 2p Zi A AE. TH 


E]: Cr-Zr-Ce. V-Zr-Ce. Mn-Zr-Ce fill Fe-Zr-Ce A) Ce 
(UI) J FHF 5e W i, If] Cu-Zr-Ce Fl Co-Zr-Ce rP Ce 
(ID ft EKK. Martinez A 7j Ce(IIDX]-F SCR 
WJ ICE fe ETE FH, DSL 73 NO, AG R ph 2 E BB 
Ce(III).—oCe(IV) HE fpi. MA 6 ET Ws PE di 
Cu-Zr-Ce Fl Co-Zr-Ce £E Pi Al ña FE Y El AY SCR CER 
Be 72, uJ AEG Ce(IID) Wt BIB IRA HK. AP, 
XRD 4) Wr £s RAE BH, 3o PATE i HA EE a 
EFL, rfi RERE m P LE 2 Ja SUR V- 
Zr-Ce Hf) II b) E 8 IK BJ JÉ SRB 28 E CeO, te HH I 
mP. UERR ERT EERE Je AT Be 
XT NO, MEME A EAR, ERI A t 2> Je A 
4/4] UA 4) FAK AES) B CeO, fin rh, fi Ceo RME 
Y EA ASEM AIRTEL, BBA AIF SCR J V 
HIIT o FÉ rmh Cr-V-Ce fll V-Zr-Ce rH Ce(IID BJ & z 
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Fig.5 2p XPS spectra of various transition metals in as-made samples 
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Fig.6 3d XPS spectra of Ce in various samples 
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